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LGLOBAL ENERGY
LUUSAGE

& Coal ® Oil ® Gas
© SolarHeat @ Wind @ Geothermal

@® Nuclear @ BioMass @ Hydro
@ BioFuel @ Solar PV

»1 5 TERAWATTS - 2006 BP SURVEY

>P)STILL EXPANDING
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NUCLEAR POWER

Containment Structure

Pressurizer Steam
Generator

L 1]
| Condenser

»BIG PART OF THE SOLUTION
OVER THE NEXT 100 YEARS



NUCLEAR ISSUES

»PWR SUSTAINABILITY

»AVERAGE AGE OF 439 OPERATING NUCLEAR
REACTORS IS 24 YEARS

»AVERAGE AGE OF 119 SHUTDOWN REACTORS 22
YEARS

»THE BULLETIN OF THE ATOMIC SCIENTISTS 2008
STATUS REPORT

»PusH LIFETIME ToO 40 YEARS
»PAGING
»STRESS
»CORROSION
»FATIGUE

»IRRADIATION EFFECTS



NUCLEAR ISSUES

»GEN IV

»PREACTOR DESIGN
»PMATERIALS ISSUES
»CORROSION
PNEUTRONICS

PHIGH TEMPERATURE

»FUEL
»CORROSION
»PELLET CLADDING INTERACTION
PFISSION GAS RELEASE AND SWELLING

PHYDROGEN INDUCED EMBRITTLEMENT OF CLADDING
ALLOYS



NUCLEAR ISSUES

PNUCLEAR WASTE
»FATE
PTRANSPORT
»GEOCHEMISTRY
»BIDCHEMISTRY

»REPOSITORY SCIENCE

»FUNDAMENTAL SCIENCE
»SF ELECTRON BEHAVIOR
»PHIGHLY CORRELATED ELECTRONS

»SF CHEMISTRY



SYNCHROTRON
RADIATION

»IN THE LATE 1960s, ELECTRON STORAGE
RINGS BEGAN TO BE USED AS INTENSE,
FORWARD FOCUSED SOURCES OF RADIATION

»SINCE THAT TIME, THESE SOURCES HAVE
BEEN USED TO DETERMINE THE PROPERTIES
OF SEMICONDUCTORS, PROTEINS,
SUPERCONDUCTORS, MULTILAYERS, HIGHLY
CORRELATED ELECTRON MATERIALS, AND
ANYTHING ELSE THAT PEOPLE HAVE
THOUGHT To Put IN THE PHOTON BEAM

PTHE SYNCHROTRON RADIATION SOURCES
HAVE NOT BEEN WELL UTILIZED IN THE
NUCLEAR ENGINEERING COMMUNITY



NUCLEAR
SYNCHROTRONS IN

| AR GONNE CENTRAL CAMPUS By e T
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SYNCHROTRON
TECHNIQUES

»ELECTRONIC STRUCTURE
»PHOTOELECTRON SPECTROSCOPY

»X-RAY ABSORPTION NEAR EDGE SPECTROSCOPY

»GEOMETRIC STRUCTURE
PEXTENDED X-RAY ABSORPTION FINE STRUCTURE

» X-RAY SCATTERING



PHOTOELECTRON
SPECTROSCOPY

PHOTO . FIELD EMISSION

THRESHOLD EMISSION

BAND STRUCTURE REGIME

Er

VALENCE
BAND

CORE LEVEL

PHOTION ENERGY

Evac

ELECTRON ENERGY

»ELECTRONIC STRUCTURE
»CORE LEVEL SPECTROSCOPY

PWALENCE BAND SPECTROSCOPY



PHOTOELECTRON
SPECTROSCOPY

CI-Si(111)
Si 2p Core Level
hv =130 eV

25 26 27
Kinetic Energy (eV)

»CORE LEVEL SPECTROSCOPY
»OXIDATION STATE

»CHARGE TRANSFER



PHOTOELECTRON
SPECTROSCOPY

PVALENCE BAND SPECTROSCOPY
»BAND STRUCTURE

»BONDING ELECTRONS



X-RAY ABSORPTION

Initial State | a > Final State | b »
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J. STOHR NEXAFS SPECTROSCOPY

PELECTRONIC STRUCTURE

P XANES

»OVERLAPPING ELECTRONICS STATES

»EDGE PosiTiION



X-RAY ABSORPTION
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P»ELECTRONIC STRUCTURE
P XANES

»OVERLAPPING ELECTRONICS STATES

»EDGE PosiTiION



X-RAY ABSORPTION

J. STOHR
NEXAFS
SPECTROSCOPY
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»GEOMETRIC STRUCTURE

»EXAFS

PHOTON ENERGY

»INTERFERENCE BETWEEN EMITTED AND SCATTERED
ELECTRON WAVES



X-RAY ABSORPTION

Ag 40% Pd 60%
Ag 60% Pd 40%
Ag 80% Pd 20%
Ag 60% Pt 40%
Ag 20% Pt 80%
—— Best Fits Solid )

»GEOMETRIC STRUCTURE

»EXAFS

»INTERFERENCE BETWEEN EMITTED AND SCATTERED
ELECTRON WAVES



X-RAY SCATTERING

EXTRA DISTANCE TRAVELLED BY RAY 2 Is:

2a=2dsinB

»GEOMETRIC STRUCTURE

nA =2dsin@

»ATOMIC POSITIONS

»STRAIN



X-RAY SCATTERING

CONSTRUCTIVE INTERFERENCE OCCURS WHEN:

nA = 2dsin@

»GEOMETRIC STRUCTURE
PATOMIC POSITIONS

»STRAIN



X-RAY SCATTERING

»GEOMETRIC STRUCTURE
>»ATOMIC POSITIONS

»STRAIN



RADIATION DAMAGE

»S,PINEL - MgAI2O4
»MOX FUEL
»CLADDING
»P)STRUCTURAL COATING
»XE IRRADIATION

»X-RAY ABSORPTION SPECTROSCOPY



SPINEL

MoALQ,
Al K-edge NEXAFS
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SPINEL

MgAl,O,

Mg K-edge NEXAFS
Irradiations at 120 K |
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SPINEL

Mg K-Edge NEXAFS
MgAl,O,

—— Theory

—— Experiment
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P THEORETICAL MODELING



SPINEL
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XE IRRADIATION

»SMALL PENETRATION DEPTH
»REALLY HARD ToO STUDY
PWHY NOT UsSeE NEUTRONS?

» RADIOACTIVE SAMPLES ARE HARD TO
HANDLE AT SYNCHROTRONS
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LGRAPHITE
IRRADIATION

LEXA JOURNAL OF NUCLEAR
MATERIALS 348 (2006) 122-
132

Fig. 4. Section of X-ray diffraction patterns at 25 °C in the
vicinity of the 002 graphite diffraction peak.

»GRAPHITE FROM ASTRA CORE

>»AMORPHOUS AT —5Xx10'° N/cM?2



NRR CAT TEST

e . .v .

P X—RAY ABSORPTION

»X—RAY DIFFRACTION
>»)SAMPLE HANDLING
»DETECTOR PERFORMANCE

»SAFETY PROTOCOLS



NRR GCAT
IRRADIATED SAMPLES

»)SS 316 IRRADIATED IN REACTOR

»FE DATA: NEAR—NEIGHBORS ARE NOT LOST AT
DOSES TO 10 DPA.

PCR DATA: NEAR NEIGHBORS LOST AT LOWER
DOSES




NRR GCAT
DIFFRABTIDN

P TRIPLE CONTAINMENT CELL

>»0.2 MO

»ANALYZER CRYSTAL



NRR GCAT
DIFFRACTION

P TRIPLE CONTAINMENT

PLAUE OR BRAGG
»20 KEV

P NEW RESULTS NO IDEA WHAT IT MEANS



SPECIALIZED
HANDLING

»REPEATED SPUTTER-
ANNEAL OCYCLES T1TO
REMOVE DISSOLVED
O2

»SAMPLES
TRANSFERRED TO
VACUUM TRANSFER
VESSEL

»SAMPLES SHIPPED IN
VACUUM TRANSFER
VESSEL AT 108
TORR

P)SPUTTER 5 KV AR
IONS

»ANNEAL 75 °C

Transfer Rods

SAMPLE HANDLING INTEGRAL TRANSFER
PLUTONIUM INTENSE LIGHT EXPERIMENTS



Before Sputter After Sputter

»CLEANING



PLEVIATION ZONE REFINEMENT
»1.5 cM/MIN ZONE TRAVEL RATE

»S0O0 °C MOLTEN ZONE (RED GLOW)

PLEVITATED MOLTEN PLUTONIUM

»1 80 PPM IMPURITIES






Sharp Metallic
Pu 4f Core Level State
hv = 850 eV Broad Manifold of States
Pass Energy 6 eV
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»PLUTONIUM 4F CORE LEVEL SPECTRA

PITINERANT VS LOCALIZED VALENCE ELECTRONS



»PLUTONIUM 5F VALENCE BAND SPECTRA
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»PHOTOEMISSION MATRIX ELEMENTS NOT
ACCOUNTED FOR IN CALCULATION



Pu L; X-Ray Absorption
Fluorescence Yield
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»X-RAY ABSORPTION



CORROSION
BHMITRY
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»DEVELOP SYSTEMS FOR STUDYING
CORROSION CHEMISTRY UNDER CONTROLLED
CONDITIONS

»SURFACE SENSITIVE ANGLES



PB ON MO
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»PNO SHIFT IN EDGE POSITION



PB ON MO

PNOT MucH CHANGE



PB ON MO

PNOT MucH CHANGE



PB ON MO

athenaoPbonMo

PNO SIGNIFICANT OXIDATION



PB ON MO

MOLYBDENUM SPINEL

»OLD SYSTEM
>TLIBE FURNACE WITH KAPTON WINDOW
>|MF’DSSIBLE TO CONTROL OXYGEN CONCENTRATION

»CouLD REAcCH 900 °C



FPB ON MO

—a—Mo/Pb RT
—e— Mo/Pb 700 C

—a— Mo/Pb 900 C
Mo foil
e MoO.
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NUCLEAR WASTE

Tc K-edge XANES
— Tc,S,

TcO,
—— TcO, +S° pH 6 AE
—— Tc0, +S° +Fe’" pH 6 AE
—— TcO, +S° +CO,” pH 4 AE
—— TcO, +S° pH 9 AA
—— TcO, +S° +C0O,” pH 9 AA
—— TcO, +S° + NO, pH 4 AE
—— TcO, + S~ + HEDTA pH 9 AA
—— TcO, +S° +IDApH 9 AA
—— TcO, +S° +CO,” + IDA pH 9 AA
—— TcO, + S~ +CO,” + HEDTA pH 9 AA
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Well-pronounced shoulder in Tc2S7
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»FIX Tc PLUMES AT HANFORD BY PUMPING
HzS INTO THE GROUND

PRXTN PrRODUCT Is >90% Tc2S- UNDER
MosT CaONDITIONS



DETECTORS

Bioadsorption of Pu(VI)
by WIPP 1A

C K-Edge Image

10-¢ M Pu solution

ak {im1)] v [um)

100 nm Spacial Resolution

Bright Dots -Alpha
Particles Striking Detector

-1in -5 7] ] 10
 [urn) E=JE8.000 ¥  cwal = 1.00 ma

» RADIOACTIVE MATERIALS CAUSE PROBLEMS
FOR DETECTORS

»CAN SATURATE

»C AN INTERFERE

»PBENT LAUE DETECTOR - EXTREMELY HIGH
RESOLUTION — 100 EV



BENT LAUE

Photon Counts

05 10 15 20 25 30
Analyzer Angle (degrees, uncalibrated)

FIG. 2. Bent Laue analyzer spectrum for 1 part Np, 160 parts U (configu-
ration C); incident beam energy: 17 700 eV.

FIG. 1. Photograph of the bent Laue analyzer.

REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 11 P. 4696 NOVEMBER 2003

PHIGH RESOLUTION ANALYZER 25-70 EV

PENERGY REJECTION WITH W SLITS



STUDENTS

»LACK OF GJUALIFIED NUCLEAR PERSONNEL



NUCLEAR AND
RADIOLOGICAL
RESEARCH CAT

»PRIOR WORK ON RADIOACTIVE MATERIALS
» PROVIDED IMPORTANT DATA
»LIMITATIONS
»UNIRRADIATED MATERIALS
»LOw ACTIVITY SAMPLES

»MINIMAL PROCESSING

»DESIGNED TO FACILITATE EXPERIMENTS WITH:
» MODERATE ACTIVITY
»HANDLING OF RADIOACTIVE MATERIAL

P NEUTRON IRRADIATED SAMPLES



NRRGCAT

»EXPANDABLE

PCANTED UNDULATOR DEsSIGN (U3.1 - 4.3
KEV)

»SINGLE UNDULATOR INITIAL IMPLEMENTATION
»KOoHzu DOuUBLE CRYSTAL MONOCHROMATOR
PXAS

»XRD (8 CIRCLE DIFFRACTOMETER)

PXPS

»MICROFOCUSSING (XRADIA KB MIRROR, ZONE
PLATES)

»BENT LAUE DETECTORS



NRRGAT

»FUNDAMENTAL SCIENTIFIC UNDERSTANDING
»SURFACE CORROSION
»PFUEL-CLADDING INTERACTIONS
PCHEMISTRY UNDER HIGHLY-IONIZING CONDITIONS

PMATERIAL STRENGTH UNDER HIGHLY-IONIZING
CONDITIONS

»DEVELOP HIGH BURN-UP FUEL.

»DEVELOP CLADDING ALLOYS THAT WILL HOLD
INTEGRITY AT HIGH TEMPERATURES.

»DEVELOP STRUCTURAL MATERIALS THAT WILL
FUNGCTION AT HIGH-TEMPERATURE IN HIGHLY
CORROSIVE AND HIGHLY IONIZING
ENVIRONMENTS.



NRRGCAT

»THE PROPOSED NRR CAT WILL PROVIDE A
UNIQUE FACILITY FOR THE STUDY OF
RADIOACTIVE MATERIALS.

»IT WILL GREATLY EXPAND THE POST-
IRRADIATION EVALUATION CAPABILITIES
AVAILABLE TO EXPERIMENTERS IN THE U. S.



NRRGCAT

»CURRENT MEMBERSHIP OF NRRCAT
PATR NSUF
»ARGONNE NE DIVISION
PILLINOIS INSTITUTE OF TECHNOLOGY
»NEW BRUNSWICK LABORATORY
»PENN STATE UNIVERSITY
»UNIVERSITY OF CALIFORNIA, SANTA BARBARA
»UNIVERSITY OF ILLINOIS, URBANA-CHAMPAIGN

»UNIVERSITY OF WISCONSIN, MADISON
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